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Abstract 
Additive manufacturing (AM) processes enable the production of functional parts with complex geometries, multi-materials as well 
as individualized mass production.  Another significant benefit of AM is the ability to produce optimized geometries with near-
perfect strength-to-weight ratios. Weight plays a crucial role in many functional parts such as parts used in vehicle and aircraft 
industries.  Current topology optimization techniques, a powerful tool for weight reduction, do not work well for such kind of 
process since AM methods necessitate applying own dedicated design rules.  This paper investigates the issues and opportunities 
for the application of topology optimization methods for (AM).  Converting topology optimization output files to usable AM input 
data for production of meso-scale structures for realizing intermediated density regions are investigated. This methodology is then 
implemented for the fused deposition modeling process (FDM). Based on the implemented tool a case study is redesigned, 
fabricated and evaluated. 
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1. Introduction 
many production parameters but also on the component 
performance and its service life. Applying as lowest 
possible as raw materials and the needed energy for 
fabricating engineering components turn out to be the 
main issues in parts design rules [1]. Lighter products 
require less manufacturing and maintenance costs, on the 
one hand, and cause inferior damages to the environment 
due to their lower carbon consuming, on the other. 
Furthermore, in some industries such as aerospace the 
s a crucial role in success of the 
industry from economical point of view. Reducing a part 
weight during the design stage, however, cannot be 
achieved straightforwardly and many other issues have 
to be considered.   
Topology optimization (TO), a mathematical tool 
used in conceptual design stage, has been found to fulfill 
the part weight reduction problem by optimal 
distributing of the material throughout s 
body. Generally, for implementing TO technique during 
the concept design stage, one needs to determine the 
goal function(s) as well as the desired constraints. 
Material properties, component essential geometric 
features, loading conditions are normally considered as 
the desired constrains. The tool will then attempt to 
optimize the spread of material within the design 
boundaries while meeting the design requirements [2]. 
Nowadays, computer-aided engineering (CAE) software 
packages have started to employ this approach to assist 
designers. The result of topology optimization may 
include a re-designed model with complex structure and 
intermediate densities that are spread through the model. 
Consequently, the feasibility of the design may be 
confronted due to not taking into account the design for 
manufacturing (DFM) requirements during TO stage. 
Generally in traditional manufacturing processes it is 
then needed to review the optimized design and turn the 
complex areas into simple sections with fully dense 
(solid) or fully void (open) spaces for ease of 
manufacturing [3]. As a result it can be expected that the 
fabricated part may perform in a different way than it 
was intended from topology optimized one.  
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Additive manufacturing (AM), a technology in which 
considerably speeds the iterative product development 
process, has gained numerous attractions in the recent 
years because of its unique offered advantages including 
directing concept of DFM into manufacturing for design 
(MFD) approach in the part production. AM refers to 
manufacturing techniques that build up three 
dimensional components by adding material 
incrementally to produce the object layer-by-layer. 
These processes can fabricate parts with complex 
geometries and intermediate densities without having 
dedicated tools [3, 4]. The only limitation to build a part 
with these processes is just the imagination during 
designing [5, 6]. An excellent description of various AM 
processes is given in [7].  . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      AM technologies also can be applied to producing 
complex cellular structures with controlled pore shape, 
size and the porosity. As a consequence, the fabrication 
of meso-scale components with intended density at each 
region can be achieved in this way. It means that the 
technique may be applied for production of topology 
optimized parts with complex geometries without 
sacrificing the design features. The feasibility of this 
approach has been presented for a number of AM 
processes and case studies. [1, 8, 9]. Succeeding the 
approach, however, depends on the methodology of 
applying TO as well as the characteristics of the selected 
AM process. In fact, in order to apply AM for 
production of a topological optimized part, one needs to 
investigate the design rules applied for the process in 
one hand, and the methodology of applying TO and 
converting its output to producible part from the other 
hand. As pointed out in [10] , it is crucial to develop new 
design methods and related CAD tools in order to fully 
utilize the design freedom provided by AM. Responding 
to this task, the present study aims to investigate the 
implementation of TO approach for Fused Deposition 
Modeling (FDM) process. A relatively simple 
methodology for applying AM into TO is proposed and 
will be then implemented for FDM process. The 
methodology will be then evaluated for a case study 
using a low cost FDM apparatus.  
2. Materials and Methods 
In the proposed methodology, a classical element in 
structural design, i.e. Messerschmitt-Bolkow-Blohm 
(MBB) beam, is considered. The optimization problem 
includes the minimizing the compliance on the total 
structural volume of the beam structure under static 
loads and constraints with the remaining volume of the 
part as design variable.  
In this paper, after applying TO for the selected case 
study, a bench marking experimentation was carried out 
to quantify the process capability. The TO output, was 
then re-modified based on the process capability and 
producible part was re-designed later.  
2.1. Topology optimization approach 
A commercial computer-aided engineering (CAE) 
software package was used to apply topology 
optimization to part. As illustrated before, the goal of 
topology optimization was to minimize the strain energy 
as an objective function in order to maximize stiffness of 
optimized parts. Sum of the intermediate densities of 
elements in design areas can show the total volume, and 
the specific value of volume fraction is the optimization 
constrain. The governing equations can be expressed as: 
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Where S is the strain energy, d denotes the nodes 
displacement, k is the stiffness matrix, k(E) denotes the 
global stiffness matrix, u is the displacement vector, and, 
S strain energy 
K stiffness matrix 
d displacement of nodes 
k(E) global stiffness matrix 
u displacement vector 
f load on structure 
i design variable (density) 
V volume fraction 
e (superscript) element 
L length of MBB-beam 
W width of MBB-beam 
t thickness of MBB-beam 
F load on MBB-beam 
E elastic modulus 
  
Acell area of each cell 
Ahole area of each hole 
ah length of square hole 
a length of cell 
aave the average length of built square 
holes for three bench marks 
Lth layer thickness 
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f, and V denote the load on structure, the density and
volume fraction respectively [3]. A schematic view of 
selected MBB beam is shown in Fig. 1. Table 1 depicts
the case study dimensions and the loading conditions.
Fig.1. MBB-beam load and its boundary conditions
Table 1. Parameter values of MBB-beam
parameter L (mm) W (mm) t (mm) F (N)
value 140 15 8 100
After modeling the MBB beam in the software,
appropriate material properties including modulus of 
model. Even though the problem can be analyzed 
statically, the Solid Isotropic Material with Penalization 
(SIMP) method was used for optimization [11]. The
volume fraction, which determines how much material
should be remained at the end of optimization, was set to
50 percent.
2.2. Experimentation
In order to implement AM into TO output, it is
necessary to evaluate the capability of AM process for 
producing the minimum wall thickness as well as the
smallest pore size. To fulfill the task, a number of bench
marks were designed and fabricated using a low cost 
FDM machine, FDM-Rapman3.2, from acrylonitrile 
butadiene styrene (ABS) polymer. The apparatus
employs open source software to exchange the CAD file
into machine readable file. The experimental apparatus 
has been pictured in Fig. 2. Different cell shapes, cell 
sizes and wall thicknesses were implemented in the
designed bench marks. Three samples of each bench
mark were produced at identical processing conditions.
The processing parameters were chosen so that the 
highest possible density could be achieved.
3. Results and discussions
3.1. Benchmarks Results
As described in the previous section, a number of 
bench marks with various pore shapes, pore sizes and
Fig.2. An image of FDM-Rapman3.2 machine
wall thicknesses were designed and fabricated. Fig. 3
shows typical pictures of fabricated bench marks with
square and rectangle pore shapes. The extruder nozzle
was found to be the responsible for the smallest pore size
in which could be manufactured. The minimum 
thickness of integrity walls was found to be 0.5 m that
was about the same diameter of machine nozzle orifice.
Fig.3. Typical pictures of fabricated benchmark
Due to lack of controlling the processing chamber 
temperature, the fabricated samples were subjected to 
great amount of shrinkages even though optimized
extruding patterns had been implemented. To
compensate the part shrinkages, dimensions of each
W
F
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benchmark were measured and averaged. The results of 
fabricated holes size versus nominal designed size is
revealed in Fig. 4.  Best fitted curves using least square
method were then extracted and implemented in the
input file of CAD software.
Fig.4. Fabricated versus designed hole size
The discussed issue of shrinkages, prevented to
achieve the pore size length less than 1.2 mm. The 
extracted data from the benchmarks results were then 
implemented into TO procedure. These results were also
used for fabricating MBB beams.
3.2. Topology Design Optimization Results
Optimization approach has been formalized for 
minimizing the strain energy of the part from its
intended boundary conditions. This goal is achieved by
creating a lattice structure and refining its topology and
dimensions. The procedure begins with a CAD file of 
the part. Fig. 5 shows a typical result of applying 
topology optimization on the half of the beam.
Fig.5. Half optimized MBB-beam obtained from TO
In order to implement AM into topology
optimization, the design area should be changed to
to analysis of the problem, topology optimization
attempts to find the best use of raw material by changing
densities of elements from 0 to 1 for achieving the best
result for objective function. Therefore, the part that was
optimized would be a design area with a range of 
instance, the white color for elements with zero density
and the color will become darker by increasing the
density. The color of full dense elements, i.e. 1.0, will be
black. The optimized area will be then similar to what is 
reported in [3] and [12] (see Fig. 6). The illustrated
result in Fig. 5, in fact, did not present the real results of 
TO since every element of the optimized beam had been 
colored same. This was due to a set value in the software
in which did not show the elements whose their densities
were lower than a specific value.
Fig. 6. Real result of half optimized MBB-beam [3]
To gain the more advantages from the TO results, and
as applicable as it was expected, each computed element 
density was used for modeling the part. It was decided to
replace the area of the part with adaptive cellular 
structure. The sizes of used elements were selected 
according to benchmarks results. The design area was 
then divided into several sections in which the size of 
each section was equal to the size of cells. By averaging
out the density of elements in each cell the density of 
every cell was obtained. The area of hole in cell can be 
found by 
cell
holecell
A
AA
(3)
Where Ahole and Acell denote the areas of each hole 
and cell respectively. In this study, square shape was
used for the cells and the holes. The size of holes in 
every cell was obtained from
2
2
1
a
ah (4)
Where ah is the length of square hole, and a is the area of 
cell. By having the size of holes in every cell and the
coordination of each cell the model can be created. A 
dedicated program was written to convert TO results to 
the described cellular structure [13].
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3.3. The results of Case Study 
As mentioned in the previous sub-section, in order to 
deal with any possible change either in the parameters of 
topology optimization or in the modeled part, thereby 
adapting the cellular structure pattern for ease of 
analyzing, a parametric program was written in 
Python[14] and implemented into the commercial CAE 
software, i.e. Abacus software.  
The CAE package could read Python language 
written programs. After optimizing the part by the 
method explained in Section 2.1, information of nodes, 
elements and the density of each element were exported 
from the software. Based on the results of benchmarks 
cell sizes of 5 mm were chosen. The written program 
then adapted each element shape based on the relative 
density of the cell obtained from Equation four. If the 
hole size was more than the maximum size that can be 
manufactured, the hole size was changed to maximum 
size. If the hole size was smaller than the minimum size 
that can be fabricated, these hole was ignored. The 
coordinate of holes was obtained by the coordinate of 
related cell. This procedure continues until all the design 
area is filled with adaptive density cells. Fig. 7 shows the 
results of re-designed MBB beam model after 
implementing the foregoing TO procedure.  
 
 
 
Fig.7. MBB-beam model with square holes 
The re-modeled part was then built using the FDM 
apparatus. The building orientation was chosen so that 
no support structure needed for the production of the 
part. The fabricated sample is depicted in Fig. 8. 
 
 
 
 
 
 
 
 
 
Fig.8. Optimized fabricated MBB-beam with square holes 
 
In order to evaluate the performance of re-modeled 
part, the strain energy and equivalent stress, i.e. Von-
Mises stress, of the initial full dense beam, topology 
optimized beam before and after applying cellular 
structuring are compared. The results are revealed in Fig. 
9 and Table 2. It is obvious that full dense part reveals 
the lowest equivalent stress and strain energy. It is, 
however, interesting that reducing almost half of the 
mass of the part after TO remains minor affects on the 
stress and strain energy values. Comparing TO results 
before and after optimization procedure indicate that 
converting complex profiles from TO into simple 
cellular structures has very limited degrees of deteriorate 
effects even though a very basic AM apparatus was used 
in the study.      
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Fig.9. Chart for Comparing Von-Mises stress of beams 
Table 2. Comparison of three beams 
Part description Remained volume 
(%) 
Strain energy 
(N.mm) 
Initial model 100 69.4 
Optimized model with 
commercial CAE 
software 
50 98.02 
Optimized model with 
square holes 
53.68 118.3 
 
4. Conclusions 
Applying the proposed methodology, a topology 
optimized part can be fabricated by a low cost FDM 
apparatus with as little as sacrificing the features 
obtained from the optimization stage. This is an 
advantage as investigating a proper methodology scheme 
for applying AM technique for TO is still an open issue 
in CAE. Moreover, once more accurate apparatus is 
applied, more gains from the TO can be achieved.   
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